ABSTRACT The effects of a series of balanced dietary protein levels on egg production and egg quality parameters of laying hens from 18 through 74 wk of age were investigated. One hundred forty-four pullets (Bovans) were randomly assigned to individual cages with separate feeders including 3 different protein level series of isocaloric diets. Diets were separated into 4 phases of 18-22, 23-32, 33-44, and 45-74 . Feed intake of all hens, but especially those in the L series, increased considerably after wk 54 when the temperature of the house decreased due to winter conditions. Thus, hens fed the L series seemed particularly dependent on house temperature to maintain BW, ADFI, and HDEP. For egg quality parameters, percent yolk, Haugh units, and egg specific gravity were similar regardless of diets. Haugh units were found to be greatly affected by the variation of housing temperature (P = 0.025). Maximum performance cannot always be expected to lead to maximum profits. Contrary to the idea of a daily amino acid requirement for maximum performance, these results may be used to determine profit-maximizing levels of balanced dietary protein based on the cost of protein and returns from different possible protein levels that may be fed.
INTRODUCTION
Over the years, the composition of laying hen diets has gone through many changes. This is because the diet fed to commercial laying hens can vary depending on factors such as the strain of layer, production goals, age, and weather conditions (Schaible and Patrick, 1980) . Because a laying hen draws on the nutrients provided in its diet to produce eggs, the quality and formulation of the diet is most important to a producer, especially considering that 65 to 75% of the cost to produce eggs is due to feed costs (Bell and Weaver, 2002) . Because of this, it has become increasingly important for producers to find a balance between feeding their birds on a least-cost basis and feeding the appropriate amounts of nutrients in the diet as the hen needs them throughout her lay cycle to maximize profits. This can be done through a phase feeding program, involving a prelay diet, and diets of different compositions to suit the stages of the hens' lay cycle.
According to the NRC (1994), a Leghorn-type laying hen requires 18.8, 15.0, or 12.5% CP in the diet for feed intakes of 80, 100, or 120 g/hen per d, respectively. Technically, laying hens do not have a requirement for CP. However, enough CP needs to be available in the diet to provide a supply of nonessential amino acids (NRC, 1994) . Numerous investigations have focused on methods of influencing egg weight through diet manipulation during various production phases. Increasing levels of protein have resulted in improvements in egg size and weight (Leeson, 1989; Pesti, 1991; Parsons et al., 1993; Keshavarz and Nakajima, 1995) .
It is well known that egg size usually increases as dietary protein increases; however, the protein intake needed to achieve maximum egg size is unclear. Leeson (1989) reported that egg size was dramatically increased as daily protein intake increased from 13.1 to 20.7 g/ bird per d and egg weight was still increasing linearly at the 20.7 g level of protein intake. Some breeding com-panies have recommended 19 to 20 g of protein per day for young commercial laying hens (Pullet and Layer Management Guide; DeKalb Poultry Research, 2012) . Thus, many producers are feeding dietary protein levels far in excess of the NRC (1994) recommended level of 16 g/hen per d in an attempt to maximize early egg size. The present study was designed to evaluate the effects of 3 series of protein levels on performance of laying hens in 4 phases: (1) 18 to 22, (2) 23 to 32, (3) 33 to 44, and (4) 45 to 74 wk. The high, medium, and low protein series were based on breeder management guide recommendations of ± 2% CP. The data were collected on individuals, so the variances reported are between individuals (population variances), not groups of birds.
MATERIALS AND METHODS
All procedures relating to the use of live animals were approved by the University of Georgia Institutional Animal Care and Use Committee.
Birds and Care
One hundred forty-four female laying hens (Bovans White) were brought from the commercial pullet farm at 17 wk of age and then randomly assigned to 144 individual cages with separate feeders and nipple waterers. All birds were kept in an environmentally controlled house with light traps to exclude outside light totally. The light schedule began with 15 h per day and increased 15 min every week until it reached 17 h per day. Temperature was targeted to maintain 22°C throughout the experimental period. Feed and water were accessed ad libitum.
Feed and Feeding
According to the Bovans White Leghorn Breeder Guide (Centurion Poultry, 2012), diets were separated into 4 phases: (1) 18 to 22, (2) 23 to 32, (3) 33 to 44, and (4) 45 to 74 wk of age. For each phase, 3 diets were formulated to have 2 percentage points protein differences with the amino acid levels decreased or increased in proportion to CP level (Table 1) . Three dietary treatment groups were established from 3 protein levels in each phase: 1) high protein diet, 2) medium protein diet, and low protein diet. Diets were assigned to each individual cage and each individual hen was the experimental unit to make 48 replications per treatment.
Data Collection and Calculation
Daily egg number and egg weight, weekly feed intake, and monthly BW and egg quality parameters were individually measured and recorded from 19 through 74 wk of age. Haugh unit values determined individual eggs using the procedure described by Haugh (1937) . The flotation method (Hamilton, 1982 ) was used to determine specific gravity with a range of salt solutions from 1.065 to 1.095, with increments of 0.005. Eggs were then rinsed in cool water and broken open to determine yolk and shell weights. The mass of albumen was calculated as the difference in egg weight after the yolk and shell weights were obtained. Efficiency of feed utilization in this experiment was expressed as feed per kilogram of eggs and feed per dozen eggs by using the equations:
Feed per kilogram of eggs = weekly feed intake/ (weekly egg production × average weekly egg weight);
Feed per dozen eggs = (weekly feed intake/ weekly egg production) × 12.
Statistical Analysis
The experimental unit was a hen kept in an individual cage so that each treatment group consisted of 48 replications. Although daily and weekly data were recorded, statistical data were analyzed and presented as the mean of each 4-wk period. The PROC GLM statement of SAS Institute Inc. (2006) used a completely randomized design for all 5 variables: ADFI, hen day egg production (HDEP), egg weight, feed per kilogram of eggs, and feed per dozen eggs. An underlying assumption in an ANOVA (using PROC GLM) is that the observational errors are the same for each level of a factor (in our case, for each of the 3 diets: high, medium, and low). Thus, a homogeneity of variance test was run on each variable to assess this.
RESULTS AND DISCUSSION
Compared with published breeder guidelines (Centurion Poultry, 2012) , the hens performed better than expected from the guidelines when fed the highprotein series of diets. Hens gained more weight and were heavier (Table 2) , ate more feed (Table 3) , had much better feed efficiency (Tables 4 and 5), and had much higher HDEP, especially at older ages (Table 6 ). Hens fed the medium series of diets laid very well with HDEP exceeding Bovans (2012) guidelines by almost 9%. By the end of the trial, hens fed the medium protein level consumed 45 g less feed per dozen eggs. The only parameter measured that was below the guidelines (Bovans, 2012) was the smaller egg weight (Table 7) . Because egg weight increased by 3.21 g from feeding the medium vs. low series of diets and 2.84 g from feeding the high vs. medium series, the data suggest that feeding even higher levels of protein would be necessary for the birds to achieve breeder guidelines. Mortality was less than 2.1% during the 55-wk trial and was the same across treatment groups (Table 8) . Dietary protein affected egg production and BW gain in 2 experiments (Leeson, 1989; Pesti, 1991; Parsons et al., 1993; Keshavarz and Nakajima, 1995) . Pesti (1991) observed that birds fed low protein had reduced growth and in- creased mortality. Similarly, in the study by Novak et al. (2008) , the gain in BW from 39 to 50 wk of age was reduced (P ≤ 0.02) by lowering CP by 3%, indicating that the level of CP or amino acids was important in maintaining optimal gain. The data (Table 4) show that by paying for 2% more protein, the producers could receive about 2.56% more eggs. The eggs would each be 2.84 g heavier and produced from 127 g less feed per kg of eggs. These data demonstrate the difficulty in applying a least cost linear programming methodology to the formulation of feeds for commercial egg layers. Least cost diets may be formulated for each protein level, but additional analysis is necessary to reconcile increases in protein level cost and increased returns. Feed conversion ratio was improved by 3% more CP from 38 to 60 wk of age (1.91 vs. 1.98), with the largest response occurring from 51 to 60 wk of age (1.89 vs. 1.98; Novak et al., 2008) . This is in contrast to reports of improved feed conversion ratio when feeding diets with lower CP while maintaining minimum levels of essential amino acids (Penz and Jensen, 1991; Novak et al., 2006) . The important difference is in how the diets were formulated: in the present study, the protein to essential amino acid ratio minimums were maintained. In the Penz and Jensen (1991) and Novak et al. (2006) studies, protein decreased in proportion to essential amino acid levels. Gunawardana et al. (2008) documented that, when testing dietary protein levels over a 12-wk trial, increasing dietary protein would increase feed intake to pro- Tables 2-11 . Parsons et al. (1993) reported that there was a substantial effect on egg weight and size gradeout by increasing dietary CP from 16 to 18%. Much of this response from 20 to 28 wk was probably due to the low feed intakes, resulting in birds fed the 16% CP diet having protein and synthetic amino acids intakes below the NRC (1984) recommended levels. Egg production (20 to 40 wk) was not influenced by feeding diets containing 16, 18, and 20% CP (Parsons et al., 1993) . Diets that exceeded NRC (1984) percentage requirements for protein and amino acids are needed to maximize early egg size, and protein and amino acid intakes exceeding NRC levels are needed to maximize egg size from 33 to 40 wk (Pesti, 1991; Parsons et al., 1993) .
As dietary protein levels increased, yolk weights significantly increased from 27 to 74 wk of age (P < 0.001; Table 9 ). These results were in agreement with those of Gunawardana et al. (2008) from 70 to 81 wk of age (P = 0.0497). Yolk percentage was indirectly proportional to CP only in younger hens from 23 to 26 wk of age (P = 0.001; Table 10 ). At other ages there were no consistent differences. In a previous report (Novak et al., 2008) , yolk percentage was directly proportional to dietary CP (P ≤ 0.004) during each phase, suggesting that the amino acids required for albumen synthesis (production requirements) may have been limited at the lower CP levels. The increase in yolk percentage was probably associated with the reduction in albumen percentage and egg size. Egg yolk is produced in the liver and continuously accumulated in the ovum until ovulation, and may not be affected by reducing dietary CP (Hiramoto et al., 1990; Penz and Jensen, 1991; Novak et al., 2006) . Interior egg quality was consistently better similar regardless of diets. Haugh units only significantly increased (P ≤ 0.05) from 47 to 54 wk of age and from 63 to 70 wk of age (Table 11) . Gunawardana et al. (2008) observed that different protein levels did not show any significant differences in Haugh units.
In the present study (Table 12) , specific gravity was increased by lowering CP from 39 to 42 wk of age (P = 0.014) and from 47 to 50 wk of age (P = 0.049). Novak et al. (2008) found no significant differences in specific gravity at any time. In a previous report (Scheideler et al., 2005) , feeding hens a diet with lower CP (4% points) reduced specific gravity, but did not decrease egg production (%). This could be related to the foundation of the shell (protein matrix; Fraser et al., 1998) because it was suggested that limiting amino acids for the development of this protein matrix may negatively influence shell quality.
The homogeneity of variance test when applied to the mean (48 hens for each diet) showed that the assumption of a common variance across the 3 diet levels was satisfied for all variables for both the SAS default (Levene, 1960) and the Bartlett (1937) tests, except egg weight (Table 13 ). This assumption was also satisfied across age levels. When applying these tests to the individual hen observations, the variables number of eggs and egg output (g), the variances across diets are homogeneous (P = 0.775 and 0.551, respectively, for the Levene test; and 0.377 and 0.103, respectively, for the Bartlett test). Egg weight SE averaged >20% higher for hens fed the highest protein series of diets (Table 7) . The Bartlett test, but not the Levene test, suggests (P < 0.001) there is a difference in variances in egg weight for hens fed the different protein level treatments. These differences may however be explained by the fact that a temperature covariate was present with the result that energy was diverted to produce warmth rather than to producing larger eggs. On balance, across all variables it is reasonable to assume that the underlying homogeneity of variance pertains in each case.
Contrary to the idea of a daily amino acid "requirement," these results may be used to determine profit maximizing levels of balanced dietary protein (and therefore amino acids) based on the cost of protein and returns from different egg sizes (Heady et al., 1980) . If a requirement is to be reported for research studies, it should be specified that the requirement is for maximum egg output, or feed efficiency, and so on. More realistically, response equations should be derived so producers can determine the most economical feeds under each technical and economic environment. Others have approached the problem by calculating daily intakes of amino acids to maximize egg numbers or egg output (egg numbers × average egg weight). There are 3 major problems with this approach. First, amino acid intake cannot be an independent variable because it is dependent on several factors such as BW, egg size, environmental temperature, and other amino acid levels in the feed. Second, the goal of egg production is not maximum performance but maximum profits. The daily digestible amino acid requirement idea assumes that maximum egg size is the goal and does not consider that daily egg output is a function of balanced dietary protein level (Harms, 1992; Lopez and Leeson, 1994) . When protein is inexpensive, high levels may be fed, yielding high levels of egg production and egg output. However, when feed is more expensive, lower levels should be fed if the value of the feed cost saved does not exceed the diminished value of the eggs. Third, the birds' responses to amino acids are not independent. The responses to the amino acids are interdependent, so the balance of the amino acids to one another that is important (Brake et al., 1998; Baker et al., 2002; Novak et al., 2004; Bregendahl et al., 2008; Rama Rao et al., 2011) . Although it is true that amino acids and not CP are required by birds, only considering the requirements for a few amino acids ignores the fact that birds also require some definite amount of nonessential amino acids. This is complicated because the excess essential amino acids may be precursors for the nonessential amino acids.
Feeding a balanced mixture of amino acids in proportion to the CP content of the feed overcomes all the problems with expressing requirements in terms of daily amino acid intakes. Some authors prefer to express requirements relative to lysine to maintain the proper ratios among amino acids. In our study we kept lysine to CP level ratios constant, so readers can easily calculate the ratios to lysine, and even daily amino acid intake if they like. By presenting the data monthly (Tables 2-11) , it is possible for readers to summarize the data by whatever phases they wish and also to calculate any intakes and ratios they would like.
Many experiments have been analyzed weekly, comparing treatments and applying multiple range tests (Harms et al., 1999; Leigh et al., 2010; Rama Rao et al., 2011) . It is not appropriate to apply such models to egg production data from different levels of nutrients for 2 main reasons. First, considerable experimental power is lost by analyzing segments with low degrees of freedom. Second, regression inherently assumes that there are unique values for responses to each level of input for linear models: 2 for quadratic models, 3 for cubic, and so on. It is not necessary to test to see if responses are different at different level of input because the model used assumes they are.
